Abstract. Nanoemulsion dosage form serves as a vehicle for the delivery of active pharmaceutical ingredients and has attracted great attention in drug delivery and pharmacotherapy. In particular, nanoemulsions act as an excellent vehicle for poorly aqueous soluble drugs, which are otherwise difficult to formulate in conventional dosage forms. Nanoemulsions are submicron emulsions composed of generally regarded as safe grade excipients. Particle size at the nanoscale and larger surface area lead to some very interesting physical properties that can be exploited to overcome anatomical and physiological barriers associated in drug delivery to the complex diseases such as cancer. Along these lines, nanoemulsions have been engineered with specific attributes such as size, surface charge, prolonged blood circulation, target specific binding ability, and imaging capability. These attributes can be tuned to assist in delivering drug/imaging agents to the specific site of interest, based on active and passive targeting mechanisms. This review focuses on the current state of nanoemulsions in the translational research and its role in targeted cancer therapy. In addition, the production, physico-chemical characterization, and regulatory aspects of nanoemulsion are addressed.
INTRODUCTION-APPLICATIONS OF NANOEMULSIONS IN DRUG DELIVERY
The advent of combinatorial chemistry and high-throughput screening methods based on molecular understanding of diseases have allowed for rational design of novel potent therapeutic agents. Despite of rational design and rapid screening process, the number of drugs reaching the market has not increased dramatically. Many of these highly promising agents are dropped from the development pipeline because of their poor aqueous solubility. About 40% of newly discovered drugs are highly hydrophobic and fail to reach market due to their poor aqueous solubility (1) . In recent years, nanoemulsions, a heterogeneous liquid dispersion of nanoscale droplets of one liquid within another, have started evolving as a feasible carrier for the delivery of hydrophobic drugs. Their high solubilization capacity of hydrophobic drugs, ease of production, and long-term stability make nanoemulsions as promising drug delivery systems (2) (3) (4) (5) (6) (7) (8) (9) . Nanoemulsion dosage forms have found wide applications in oral drug delivery to enhance the solubility and bioavailability of the hydrophobic drugs (4, 10, 11) . Recently, there has been a surge in the exploration of nanoemulsions for parenteral drug delivery for the treatment of complex diseases such as cancer therapy (2, 3, (5) (6) (7) (8) (9) 12) . The capacity of nanoemulsion to solubilize large amounts of hydrophobic drugs and their ability to protect the drugs from enzymatic degradation and hydrolysis make them ideal platform for the purpose of parenteral drug delivery. Furthermore, they can be exploited for image-guided drug delivery by utilizing targeting and imaging components (7, 13) . They are also being investigated widely for potential applications in transdermal delivery (11) , ophthalmic (14) , and pulmonary (15) drug delivery.
Nanoemulsion is a heterogeneous system in which the oil phase is dispersed as droplets in an aqueous phase and stabilized by emulsifying agents (10, 16) . Emulsifying agents are amphiphilic surface-active molecules or surfactants that can reduce interfacial tension between two immiscible liquid phases of oil and water by preferentially adsorbing at their interfaces ( Fig. 1) . Emulsifying agents have non-polar hydrocarbon tails that prefer to be in non-polar liquids, such as oils, and polar or charged head groups that prefer to reside in polar liquids, such as water (Fig. 1) . Their droplet size is usually between 50 and 200 nm basing on the composition and production methods. The system can exist as oil-in-water and water-in-oil form, where the dispersed phase is either oil or water, respectively. Nanoemulsions are commonly prepared from Generally Recognized as Safe (GRAS) grade excipients approved by the United States Food and Drug Administration (FDA). Nanoemulsions are easily produced in large quantities by high shear stress or mechanical extrusion process that is available worldwide.
A number of drug-containing nanoemulsion dosage forms have been introduced in the pharmaceutical market and several others are under preclinical and clinical stage of development (Table I) . Nanoemulsions not only serve as excellent vehicles for drug encapsulation, they also mitigate the toxicities associated with surfactant and ethoxylated castor oil (Cremophor®EL)-based formulations. Cremophor®EL is associated with nephrotoxicity, hypotension, and bronchospasms and can produce anaphylactic reaction. For example, propofol injectable solution was prepared in Cremophor®EL by Imperial Chemical Industries (ICI) was gone into clinical usage but later withdrawn due to toxicity of Cremophor®. Propofol was reformulated in oil-in-water emulsion using GRAS-grade excipients such as soybean oil, glycerol, egg lecithin, and disodium edetate and launched with the trade name Diprivan® by ICI (now Astra Zeneca) (17) . Diprivan® is used in intensive care medicine as a short-acting, intravenous sedative and known to have low toxicity, controlled sedation effect, rapid onset, and quick recovery despite prolonged usage (17) . Soybean oil-and safflower oil-based emulsions have been widely used in the clinic as parenteral nutrition (e.g., Intralipid®). These lipids provide a rich source of essential fatty acids such as omega-3 and omega-6 PUFA, non-glucose-based calories, and vitamins E and K. Similarly, a Cremophor® EL-free formulation of paclitaxel was prepared using TOCOSOL nanoemulsion to overcome anaphylactic reactions associated with Cremophor® formulation. TOCO-SOL paclitaxel formulation was approved by FDA in 2003 for the treatment of nonsuperficial urothelial cancer. In another example, a Cremophor®EL/ethanol-based cyclosporine (Sandimmune® Injection) was reformulated into nanoemulsion using soybean oil and egg lecithin composition. The studies indicated that a change in the vehicle may reduce the acute nephrotoxic side effects associated with cyclosporine in the Cremophor®EL formulation (18) . Alprostadil palmitate, amphotericin B, dexamethasone, flurbiprofen axetil, and vitamins A, D, E, and K are some other examples of therapeutically relevant compounds that have been formulated in nanoemulsions for clinical applications.
Another interesting and active development is the use of nanoemulsion for the targeted drug delivery to cancer. Because of the nanometer oil droplet size, they can easily be targeted to the tumor tissue using targeting moieties on the surface of nanoemulsion. However, it is important that the nanoemulsions do not change size after administration during the blood circulation. Recent studies indicate that they have received wide attention as colloidal carriers for targeted delivery of several anticancer drugs (2, 5, 7, 12) and diagnostic agents (13, 19) . Multifunctional nanoparticles, as envisioned by Ferrari (20) and other researchers (21, 22) , combine the following structural components: (1) core material for drug encapsulation (2) , and surface modification for passive or active targeting and (3) imaging component for disease visualization. Along these lines, we have conceptualized nanoemulsions as a multimodal platform (Fig. 2) for target-specific and image-guided drug delivery for the cancer therapy (7, 13, 23) .
NANOEMULSIONS IN CANCER THERAPY-OPPORTUNITIES AND CHALLENGES

Exploiting Tumor Microenvironment
The tumor microenvironment is composed of the extracellular matrix, activated fibroblasts, immune cells, pericytes, adipocytes, epithelial cells, glial cells, vascular cells, endothelial cells, and proteins (24) . These components of the tumor microenvironment support the physiology, structure, and function of the tumor nurturing an environment that promotes the tumor to progress into a malignant phenotype. As the tumor microenvironment supports cancer growth, there are significant differences such as angiogenesis, vascular abnormalities, oxygenation, perfusion, pH, and metabolic states which can be exploited for the delivery of therapeutic agents to tumor tissue (Fig. 3) . Angiogenesis is a physiological mechanism which promotes formation of new blood vessels from existing ones. In small-sized solid tumors, oxygen and nutrients reach the tumor cells by simple diffusion; however, once the tumor size reaches over 2 mm 3 , the core of the tumor is exposed to hypoxic conditions (25) . In order to survive in these conditions, cancer cells stimulate angiogenesis to maintain presence of oxygen and nutrients for further growth. In 1971, an American medical scientist and biomedical pioneer, Judah Folkman hypothesized that, as cancer cells are dependent on the process of angiogenesis for the supply of oxygen and nutrients, if this process was inhibited, there was a potential for treating cancer (26) . Following his observation and subsequent work, several natural and synthetic angiogenesis inhibitors were identified, and many were clinically utilized for cancer therapy including bevacizumab (Avastin®), sorafenib (Nexavar®), sunitinib (Sutent®), pazopanib(Votrient®), and everolimus (Afinitor®). Several of these angiogenesis inhibitors have been reported to have toxicity or delivery problems (27) . Nanoemulsion delivery systems can be used to encapsulate these angiogenesis inhibitors providing reduced toxicity and improved therapeutic efficacy. Betulinic acid is a pentacyclic triterpene which has the ability to target tumor cells and also vascular endothelial cells, thus functioning as an angiogenesis inhibitor. Dehelean et al. recently assessed the in vivo anti-angiogenic and anti-inflammatory effects of betulinic nanoemulsion (8) . Based on this work, it was identified that betulinic acid could be formulated in a nanoemulsion delivery system to attain potent anti-inflammatory activity with reduced exposure of the betulinic acid to vital organs. Similarly, fumagillin is a mycotoxin which has demonstrated antiangiogenic properties; however, its use has been associated with neurotoxicity at systemic doses. Winter et al. utilized α v β 3 -targeted perfluorocarbon fumagillin-loaded nanoemulsion to suppress neovasculature, reduce exposure to clearance organs, and prevent neurocognitive dysfunction (28) . Therapeutic efficacy studies indicated that following encapsulation in nanoemulsions the systemic dose of fumagillin was 1,000-fold lower in animal studies and 60-fold lower in relation to clinically tested related anti-angiogenic compounds such as TNP-470. Thus, indicating that nanoemulsion based delivery systems can be used to overcome some of the shortcomings of potential angiogenesis inhibitors exploiting a phenomenon which is highly exhibited in the tumor microenvironment compared with normal tissues. The pH of the tumor microenvironment is another unique characteristic which can be exploited for tumor targeted delivery. The extracellular tumor pH is between 6 to 7 in comparison to normal tissue and blood with a pH of 7.4. The dependence of tumor cells on glycolysis as a primary mechanism of generating cellular energy leads to the production of lactate as a by-product. This by-product is eliminated from tumor cells via the monocarboxylate transporter system using a proton which leads to acidification of the tumor interstitium. Likewise in hypoxia, overexpression of carbonic anhydrase IX leads to conversion of CO 2 to bicarbonate which leads to subsequent uptake of the weak base into the intracellular environment. This net effect of the H + and bicarbonate flux creates pH gradients between the intracellular and extracellular tumor microenvironments, providing a unique feature in tumor cells which can be exploited for delivery of therapeutic agents. Shen et al. recently reported dual-drug delivery by conjugating camptothecin to short polyethylene glycol (PEG) chains via an ester bond forming liposome-like nanocapsules which were encapsulated with doxorubicin. At a pH<5 or following addition of esterases, a rapid release of doxorubicin and camptothecin was observed which translated into increased anti-tumor efficacy in vivo (29) . Apart from the pH in the microenvironment, following intracellular uptake nanocarriers are exposed to intracellular pH of 5.9-6.2 in early endosomes and 5.0-5.5 in late endosomes and lysosomes. In literature, several authors have reported development of pHsensitive tumor-targeted nanoparticles which have shown improved anti-tumor efficacy and reduced chemotherapy related toxicity profile (30) (31) (32) . Nanoemulsions can also be formulated with lipid components that respond to tumor microenvironment and release its payload. The lipid components with pH-sensitive and thermo-sensitive properties are discussed elsewhere in this review.
Passive Targeting
The dependence of tumor tissue on angiogenesis for survival and metastasis leads to development of poorly developed tumor vasculature with pericyte deficiency, an aberrant basement membrane and fenestrations which induce increased vascular permeability at the tumor site (Fig. 3) . Likewise, tumor tissues often have absent or non-functional lymphatic vessels which lead to poor lymphatic drainage from the tumor site. The combination of the enhanced vascular permeability and poor lymphatic drainage is a phenomenon which has been coined as the enhanced permeability and retention (EPR) effect and has been a gold standard for delivery of several nano-therapeutic agents to tumor tissues (33) . Majority of the solid tumor exhibit a vascular pore size between 380 and 780 nm; however, this depends on the type of tumor, growth rate, and microenvironment. An optimal size between 10 and 100 nm is critical to achieve maximal therapeutic accumulation in the tumor microenvironment using the EPR effect (25) . Nanoparticles with size less than 400 nm easily extravasate into the tumor tissue; however, particles below 10 nm undergo rapid renal filtration, and particles larger than 100 nm get easily recognized by the cells of the mononuclear phagocyte system (MPS) (34) . The surface charge of the nanoparticles is also a critical component of the nano-delivery system and should be neutral or anionic to evade clearance.
In literature, several authors have explored improved therapeutic activity and minimization of adverse effects by formulating therapeutic agents in nanoparticles which take advantage of the EPR effect. Some systems have already been successfully translated into clinical practice (35, 36) . In relation to nanoemulsions, researchers typically report a size of less than 200 nm (37) and a negative surface charge (38, 39) . A higher negative charge on a nanoemulsion is also known to prevent droplet coalescence during formulation development, and in vivo, it is known to affect blood-brain barrier (BBB) permeability (38, 39) . Apart from size and surface charge, the circulation time also plays a crucial role to determine the fate of the nanoemulsion delivery systems. Nanoemulsions usually have a short circulating half-life due to rapid opsonization by MPS cells. Hence, the surface of nanoemulsion is often coated with hydrophilic polymers such as PEG, poloxamers, or poloxamine to suppress blood protein adsorption and recognition by MPS cells which leads to an increase in circulation half-life and improved therapeutic efficacy (36) . Incorporating longer PEG chains and post-insertion of distearoylphosphatidylethanolamine (DSPE)-PEG 2000 or 5000 provided nanoemulsions with longer residence time and improved tumor accumulation (40, 41) . Thus, indicating a combination of nanoemulsion size, surface charge and surface hydrophilicity can be modified to achieve nanoemulsion efficacy by passive targeting of nanoemulsion to the tumor sites.
Active Targeting
Active targeting of nanoemulsions is achieved by attaching a component to the nanoemulsion surface that recognizes a target within the tumor-affected organ, tissue, cell, or intracellular organelle, leading to preferential accumulation of the nanoemulsion. In comparison to passive targeting, active targeting of nanoemulsion not only exploits the physiological benefits offered by the tumor microenvironment, but it also enables delivery specifically to the tumor tissue (Fig. 3 ). This is particularly valuable for therapeutic agents that are not internalized efficiently, require facilitation by fusion, endocytosis, or other process. Active targeting of the therapeutic agent also enables larger payloads to be delivered intra-cellularly by receptor-mediated uptake of the nanoemulsion systems. By conjugating ligands to the carrier, the drug remains unmodified enabling the drug to exhibit its therapeutic activity following intracellular uptake.
A variety of targeting ligands can be attached to the surface of nanoemulsions to enable recognition by appropriate receptors expressed at target site. It is critical to select receptors which are overexpressed on tumor cells but not on normal cells to enable selectivity for tumor tissue over normal cells. In literature, several authors have reported targeting receptors which are overexpressed on cancer cells including transferrin, folate, and epidermal growth factor receptor (EGFR) (7, 42, 43) .
The EGFR family is composed of an extracellular ligand binding domain, a hydrophobic trans-membrane domain, and a cytoplasmic tyrosine kinase containing domain. EGFR is often abnormally activated in many epithelial tumors with up to 60% expression in ovarian cancer with this aberrant expression being associated with poor outcome (44, 45) . The concept of EGFR-based targeting of nano-carriers has been explored to improve cellular cytotoxicity, and in vivo, it has shown greater anti-proliferative, anti-angiogenic, and pro-apoptotic activity (43, 46) . Similarly, folic acid (FA) a low-molecular-weight vitamin is required by eukaryotic cells in the biosynthesis of nucleotide bases (purines and pyrimidines). The glycoprotein-based FA transport system is expressed at high levels on the surface of many cancer cells (especially tumor cells of the ovaries, mammary gland, colon, lung, prostate, nose, throat, and brain), which makes it a rational target for drug delivery to tumor tissues. A range of polymers with an improved biocompatibility have been used for the development of folate-targeted nano-carriers (47-50). Our group recently investigated EGFR-and FR-mediated targeting of PIK75, a phosphotidyl-inositol-3-kinase inhibitor in ovarian adenocarcinoma cell line, and observed that the targeted nanoemulsions enhanced intracellular uptake by receptor mediated uptake and improved cellular cytotoxicity compared with non-targeted nanoemulsions (7).
Imaging
Imaging is an important aspect of cancer care which provides real-time monitoring of cancer with minimal invasiveness and tissue destruction. Biomedical imaging is often used for prediction, screening, biopsy guidance, staging, prognosis, therapy planning, and guidance. Computed X-ray tomography, magnetic resonance imaging, and ultrasound have been traditional techniques of anatomical imaging. Ultrasound is commonly used as an external stimulus due to its accessibility, cost-effectiveness, and ability to be used in conjunction with multi-modal systems which can incorporate ultrasound contrast agents such as microbubbles. These microbubbles can be developed as perfluorocarbon (PFC) nanoemulsions. PFCs are synthetic organic compounds in which all or most of the hydrogen atoms have been replaced with fluorine atoms. The 19 F isotope of PFC's is biologically and chemically inert and thus provides excellent sensitivity in vivo. Further to this, a wide variety of contrast agents or therapeutic agents can be encapsulated in or conjugated on PFCs due to which multi-modal imaging or delivery is a possibility with PFC nanoemulsions (51, 52) . When microbubbles are formulated as PFC nanoemulsions, upon intravenous administration, the nanoemulsions accumulate in the tumor by the EPR effect. Upon accumulation in the tumor, under the action of ultrasound, the nanodroplets can be converted to bubbles. When cytotoxic agents are incorporated in these nanoemulsions, post-droplet-to-bubble transition, the encapsulated drug is released with enhanced intracellular uptake and effective tumor regression (51, 53, 54) . These nanoemulsions systems can also be actively targeted to the tumor tissue, achieving greater tumor accumulation. Bae et al. recently reported the development of bimodal imaging contrast agent, PFC/rhodamine nanoemulsions with MRI, and optical imaging capabilities (55) . The nanoemulsions were also infused with folate which allowed localization into FR expressing tumors improving tumor detection and providing excellent signal sensitivity and high specificity. It was observed that folate-PFC/rhodamine nanoemulsions could be utilized for early detection of disease, accurate diagnosis, and targeted tumor therapy for clinical applications.
Apart from perfluorocarbon nanoemulsion use for image-guided therapy, Gianella et al. recently reported the development of multi-functional nanoemulsion with iron oxide nanocrystals for MRI, Cy7 for near-infra red fluorescence imaging, and prednisolone acetate valerate for therapeutic purposes. The multi-functional delivery system provided unique theranostic properties which could be applied for image-guided therapy in cancer (19) , thus indicating the capability of multimode nanoemulsions system (Fig. 2) for therapeutic delivery and tissue imaging.
NANOEMULSION COMPOSITION
Composition of nanoemulsion is a key parameter governing the physico-chemical properties of the system and can be precisely tailored to design a delivery vehicle with desired characteristics. Most importantly, choice of material gives leverage in customizing the properties of the nanoemulsions such as imparting them with stimuli-responsive behavior or tethering ligands on their surface to develop target-specific delivery systems. The following section will focus on the composition of nanoemulsions and their effect on the physicochemical properties.
General Components
Emulsions by definition are dispersion of two immiscible liquids where one liquid is dispersed as droplets in the continuous phase of other liquid, and when the droplet size reaches sub-micron scale, such emulsions are called as nanoemulsions (4, 9, 23) . Oil and water are two most commonly used immiscible liquids for emulsion formation in general, but, from the perspective of drug delivery system, a nanoemulsion could be a core of non-polar material suspended in a polar environment. The non-polar lipophilic core could be comprised of mono-, di-, or triglycerol oils. Choice of oil is an important criterion to consider, since it impacts the loading of the therapeutic payload, size of droplets, chemical properties, and most importantly the stability of the nanoemulsion system itself (56) . Nanoemulsions prepared using long-chain triglycerides (LCT) are found to be larger (D=120 nm) in droplet size than those formed from shorter-chain triglycerides (SCT) (D =40 nm) (57) . Compared with larger droplet size, the smaller droplet size increases the nanoemulsion stability against gravitational separation, flocculation, or creaming owing to increased Brownian motion. However, the higher solubility of SCT oils in water renders the nanoemulsion prone to Ostwald ripening (Fig. 4) (58) . Since Ostwald ripening process involves the movement of oil molecules from small droplets to larger droplets (Fig. 4) , thus, Ostwald ripening occurs whereby large droplets grow at the expense of small droplets because the solubility of a material within a droplet increases as the interfacial curvature increases. Long-chain oils on the other hand show considerably low continuous-phase solubility due to their high molar volume (V m ) resulting in low tendency to undergo Ostwald ripening. A systematic study employing SCT and LCT oils shows that that the rate of Ostwald ripening decreases with increasing V m (57) . Size of the nanoemulsion also influences its optical property, such that the smaller the size of the nanoemulsion (r<<λ), higher is the optical transparency of the nanoemulsion system (59) . Property of oil therefore is a trade-off between two contrasting stability-influencing factors that should be taken into account when designing nanoemulsion composition.
Emulsifiers or surface-active agents that stabilize the oil/ water interface of an emulsion ( Fig. 1 ) are yet another important component, which have tremendous impact on nanoemulsion stability. An ideal emulsifier should show three properties: (1) rapidly adsorb at the oil/water interface, (2) reduce the interfacial tension, and (3) stabilize nanoemulsion surface by stearic or electrostatic interactions. An emulsifier could be any amphiphilic molecule such as surfactants (e.g., Tweens, sodium dodecyl sulfate, etc.), phospholipids (e.g., egg, or soy lecithin, etc.), amphiphilic proteins (e.g., WPI, caseinate, etc.), polysaccharides (e.g., gum Arabic, modified starch, etc.), or polymer (e.g., PEG) that can adsorb at the interface, thereby contributing to nanoemulsion stability via steric stabilization (59) . The choice of emulsifier not only impacts the stability of nanoemulsion but can also present with a possibility of tailoring their size and functional properties (60) . PEGmodified nanoemulsion for example can be used for linking ligands exposed on nanoemulsion surface resulting in higher cell-specific targeting efficiency (7), as well as providing long circulating properties for in vivo drug delivery (61) .
Other components that could be used for making nanoemulsions could be texture modifiers, weighting agents, or ripening retarders, which can impart important properties to the nanoemulsion. A texture modifier is any substance such as sugars, polyols, polysaccharides, and proteins that can improve the viscosity of the aqueous phase by crosslinking, giving it gel-like property and in the process prevents the likelihood of gravitational separation as well. A weighting agent on the other hand is a lipophilic entity that can be mixed to the oil phase to reduce the density contrast between oil and continuous phase and thus prevents gravitation separation (62) . Finally, a ripening retarder is a highly lipophilic material that can be added to the oil phase to prevent or impede the process of Ostwald's ripening (Fig. 4) (63) .
Thermo-sensitive Lipids
Stimuli-responsive materials, which show change in their physicochemical properties in response to an external stimulus, are of great interest in drug delivery applications due to the versatility of drug loading and ability to trigger release the payload at will (64) . A number of lipid-based thermo-responsive materials have been designed and applied as drug carriers in the preclinical studies for treatment of cancer (65) . Thermo-sensitive nanoemulsion can also be made using thermo-sensitive lipids which can respond to external stimuli. Such systems undergo temperature-dependent phase transitions such as gel-to-liquid or lamellar-to-hexagonal states, thereby rendering the delivery systems leaky and resulting in release of the payload. A typical example is dipalmitoylphosphatidylcholine (DPPC), a commonly used thermo-sensitive lipid that undergoes phase transition at 41°C. Most importantly as observed in case of liposomal formulations (66), DPPC phase transition temperature can be readily modified by addition of co-lipids such as distearoylphosphatidylcholine (DSPC) or monopalmitoylphosphatidylcholine (MPPC).
Once the thermo-sensitive delivery system is administered into the body, its loaded content can be released at the site of action by an external induction of hyperthermia that could be mediated by ultrasound (67) , light (68), heating coil (69), or magnetic field (70) . Such triggered discharge of the payload enables a control over temporal dose of the drug and has proven to significantly improve the drug accumulation and therapeutic benefits. Given the advantages, thermo-responsive lipid-based delivery systems have been extensively researched and a plethora of work has been published using them not only in stand-alone drug delivery systems but also in multi-functional theranostic system with targeting, imaging, and therapeutic capabilities (71) (72) (73) (74) (75) .
pH-Responsive Lipids
Desired properties of a delivery system are driven by the physiological milieu of their target site of action to achieve an efficient drug release. Low pH environment within tumors is a well-established fact and has been exploited to design internally controlled drug delivery systems. Delivery systems comprising of pH-responsive lipid are stable at the normal physiological pH of 7.4 but rapidly destabilized in the acidic environment in the tumor or in the endosomal compartment, resulting in the release of the loaded therapeutic moiety. Liposomes certainly are the most studied lipid-based systems for a variety of delivery applications and thus have been extensively explored as pH-responsive lipid nanocarriers as well. In this context, dioleoyl phosphatidylethanolamine (DOPE) is the most used lipid for preparing pH-responsive liposomes especially because of their inverted cone shape. Chloramphenicol acetyltransferase encoding gene loaded pH-sensitive immune-liposomes formulated using DOPE, cholesterol, and oleic acid with H-2Kk antibody as targeting ligand demonstrated significant enzyme activity in vivo in ascites-tumorbearing mice (76) . The same group also demonstrated that the immune-liposomal delivery system can be used for efficient targeted delivery of small-molecule antitumor drug to cells (77) . A comprehensive review on pH-sensitive liposomes containing DOPE-based preparation has been published and is recommended to the readers for further insight. In a very recent work, a pH-responsive lyotropic liquid crystal delivery system composed of monolinolein and linoleic acid (97:3 wt% Fig. 4 . The main mechanism of nanoemulsion breakdown through Ostwald ripening ratio) was reported that undergoes phase change from lm3m reverse bicontinuous cubic at pH 7 to H II reverse columnar hexagonal at pH 2 (78) . The system shows a four times greater release kinetics at pH 7 than the H II phase, making it a suitable nanocarrier for oral delivery of drugs.
Acid-labile zwitterionic peptide lipid derivatives are another class of pH-responsive lipids that have been employed to devising fusogenic liposomes that facilitates uptake as well as drug release (79) 
NANOEMULSIONS PRODUCTION
The key unit operations involved in the production of typical nanoemulsion formulation is shown in the Fig. 5 . Oiland water-soluble ingredients are generally dissolved in the oil and aqueous phases, respectively. Emulsifier, such as phospholipids, can be dispersed in either oil or aqueous phase. Oil and aqueous phases are adequately heated and then mixed under controlled temperature and agitation to form a homogenously dispersed coarse emulsion. The coarse emulsion is then homogenized using external shear force to decrease the droplet size to desired range. The nanoscaled droplets which are formed as a result of external shear force display a lipophilic core separated from the surrounding aqueous phase by a monomolecular layer of emulsifiers (Fig. 1) . The monomolecular layer or interfacial layer provides a mechanical barrier and offers repulsive forces to stabilize the nanoemulsion system. The repulsive forces can be electrostatic (e.g., phsopholipids such as lecithins), steric (e.g., block copolymers), or electrosteric (e.g., combination of both phospholipids and block copolymers) depending on the nature of emulsifier used in the formulation.
The high shear methods producing intensely disruptive forces to form nanoemulsions can be achieved with high pressure homogenizer, microfluidizers, and ultrasonicators (5,9,81). The formation of nanoscaled droplets will depend on the type of instruments employed and their processing conditions like energy, number of cycles, time, and temperature, along with formulations composition. High-pressure homogenization techniques involve the use of high-pressure homogenizer or piston gap homogenizers to produce low particle size. During high-pressure homogenization process, several forces such as hydraulic shear, intense turbulence, and cavitation forces act together to yield nanoemulsions with extremely small droplet size. During this process, coarse emulsion is passed through the high pressure homogenizer until nanoemulsion with desired droplet size and narrow distribution (polydispersity index) is obtained. In case of microfluidization, a high-pressure positive displace pump is used in the process, which forces the product through the interaction chamber, consisting of small channels called "microchannels." The product passes through the microchannels on to an impingement area resulting in very fine droplets of nanosize range. High-energy ultra-sonication technique is also routinely employed in the preparation of nanoemulsion. Ultra-sonication energy produces cavitation forces on the samples resulting in disruption of dispersion phase, leading to small droplet formation. High-pressure homogenization and microfluidization methods are used in the production of nanoemulsion at laboratory and industrial scale, whereas ultrasonic emulsification is limited to laboratory scale.
Despite that high-energy methods produce nanoemulsions with desired properties and have scale-up manufacturing, they may not be suitable for thermo-labile drugs such as nucleic acids, proteins, enzymes, and retinoids (82) . In such cases, mild conditions involving low energy can be employed. Low-energy emulsification methods used to produce nanoemulsions according to the phase behavior and properties of the constituents that promote the formation of nanoscaled droplets (83) . These methods include self-emulsification, phase transition, and phase inversion temperature methods (82) . These low-energy methods can be brought about by altering the parameters which affect the hydrophilic lipophilic balance of the system-like compositions and temperature (82, 83) .
DRUG INCORPORATION METHODS
Nanoemulsions are ideal vehicles for the poorly aqueous soluble drug delivery, and the drugs with or without the aid of co-solvents can be incorporated into these formulations by de novo or extemporaneous addition. In de novo method, the water-insoluble drug is solubilized in the oil phase prior to nanoemulsion preparation, whereas in extemporaneous method, the drug is added to the pre-formed nanoemulsion. Drugs that are highly oil-soluble can be dissolved directly into the phase. However, drugs that are slightly soluble in oil can be incorporated into the nanoemulsion formulation with the aid of co-solvents. In this case, water-insoluble drug is first dissolved in the organic solvent and added to oil phase, and then the solvent is removed during the manufacturing process (2-5,9). In another approach, drug and phospholipids first dissolved in organic solvent and the solvent is removed by vacuum evaporation. The resulting lipid film is hydrated with aqueous phase and sonicated to form liposome like dispersion to which oil phase was added and emulsified to form nanoemulsion (84) . The use of organic solvents requires careful assessment of drug precipitation upon organic solvent removal, physical and chemical stability of emulsions, and drug partitioning in the nanoemulsion. In addition, scale-up costs could be higher due to additional step involving removal of organic solvents.
SolEmuls Technology, a solvent-free method to incorporate drugs into nanoemulsion that localizes the drug at the interface, has been introduced recently. In this technique, ultra-fine powder/nanocrystal form of the water-insoluble drug is added to pre-formed nanoemulsion, and the mixture is then homogenized until the drug powder/crystals are dissolved, resulting in localization of drug at the interface. For example, amphotericin B emulsion formulated using this method has been shown to be more effective and less toxic than the commercially available formulations (85) . With some water-insoluble drugs, elevation of temperature and use of fatty acids as lipophilic counter-ions can aid in the solubilization process (86) . Drugs like propofol and halothane which are highly oil-soluble and liquids at room temperature can be extemporaneously added to pre-formed emulsions such as Intralipid®, whereon the drug preferentially partitions into the oil phase of emulsion.
PHYSICO-CHEMICAL CHARACTERIZATION
Accurate characterization of any delivery system is of utmost importance to gauge its performance in preclinical and clinical settings. Physical parameters such as shape, charge, and size, as well as chemical composition influences the interaction, uptake, drug release kinetics, clearance from body, and toxicity of any nanocarrier. Size, for example, is an extremely important parameter in EPR effect, where particles below the threshold size are eliminated from circulation by renal clearance while particles above the size limit fail to extravasate from systemic circulation and are eventually removed by MPS. The following section is devoted to the methods that are routinely employed in physico-chemical characterization of lipid-based delivery systems in general and nanoemulsions in particular.
Size Distribution
The size and polydispersity (PDI) index of a nanoemulsion is routinely characterized by photon correlation spectroscopy (aka dynamic light scattering). This method has been advanced based on classical light scattering theory for particles smaller than the wavelength of light (Rayleigh scattering) and subsequently for larger particles (Mie Theory). The underlying theory of size measurement relies on scattering of light from colloid particles in random Brownian motion, which is detected by photo multiplier tube as in-phase or out-ofphase based on constructive or destructive interference of light. The analysis of the frequency distribution of the intensity fluctuation of scattered light is used for calculation of translational and rotation diffusion coefficients of the particles. The average hydrodynamic radius (Stokes radius) can therefore be calculated by intensity-weighted basis using the Stokes-Einstein equation and is often reported as Z-average along with PDI as a measure of width of the particle size distribution. PCS remains the most popular method for average size analysis of the nanoemulsions due to the simplicity of the methods, minimal sample preparation, and fast result output. It is however extremely important to understand the sample preparation and experimental parameters to be accounted for, to get an accurate measurement of size and PDI. Factors such as high particle concentration, size range (0.002-2 μm recommended), changes in sample properties during measurement (aggregation, sedimentation, etc.), or presence of dust could lead to erroneous size estimation. Besides, due to the measurable size constraint, PCS is unable to account for the presence of small population of large-size oil droplets in the nanoemulsion. Despite the limitations, PCS is a versatile tool for nanoemulsion stability assessment, which is directly related to the size and PDI of the droplets.
Electrophoretic Mobility and Zeta Potential
Charge of any drug delivery system is an important property that governs its stability in suspension due to electrostatic interactions as well as its performance in vivo. Electrophoretic mobility measures the net charge/potential on a particle surface (zeta potential) based on its movement in an externally applied electric field. The suspended colloidal particles are subjected to an electric field, and their movement in response to the field gives their electrophoretic mobility, which is governed by the Henry equation,
where ζ is the zeta potential, μ is the electrophoretic mobility, ε is the dielectric constant, η is the viscosity, and f (ka) is the Henry's function. Two values are generally used for Henry's function, i.e., 1.5 or 1. Electrophoretic mobility measurements of nanoemulsions are generally performed in aqueous suspension with minimum to moderate electrolyte concentration for which Henry's function value is 1.5 and is commonly referred to as Smoluchowski's formula,
Thus, with all the other parameters known, calculation of zeta potential from the electrophoretic mobility becomes straightforward if the measurements conditions meet Smoluchowski approximation, i.e., particle size larger than 0.2 μm and the dispersion system with salt concentration more than 10 −3 M. Smoluchowski formula is valid for particles with dimension greater than the double-layer thickness and based on the assumption that the application of the electric field does not cause distortion in the double layer.
Oil Droplet Morphology Assessment
Electron microscopy (EM) is the most popular method for morphology and size analysis of the oil droplets in the nanoemulsions. Where PCS gives the hydrodynamic radius of the suspended oil droplets, electron microscopy aids direct visualization of the sample morphology, accurate measurement of the size of the oil droplets, and presence of any other type of contaminants in the formulation. EM, for e.g., shows the presence of a small population of large-size oil droplets that could not be detected by PCS measurement (87) . Transmission electron microscopy (TEM) is largely the most exploited technique for imaging of nanoemulsions where the sample is coated onto a formavar-coated copper grid and imaged under an electron beam. A typical nanoemulsion is incapable of generating sufficient contrast, and thus, a negative staining method is typically used where the sample on the copper grid is further exposed to phosphotungstic acid or its salt or uranyl acetate (88) . Cryo-TEM is a more suitable method for nanoemulsion imaging where the samples are quickly frozen and then transferred on to a low-temperature stage for visualization. Scanning electron microscopy (SEM) and environmental-SEM (e-SEM) are some other electron microscopic methods that have been used for nanoemulsion visualization, but a detailed account of these methods is out of the scope of this article. Readers are strongly encouraged to follow some recent very comprehensive reviews published on the application of EM (88) and cryo-TEM (89) in imaging of drug delivery systems including nanoemulsions.
Assessment of Encapsulation Efficiency
Nanoemulsions are popular choice as delivery system due to their effectiveness in encapsulating hydrophobic therapeutic drug in the oil phase. The drug loading, however, depends on its solubility in the choice of lipid as well as their tendency to partition into the aqueous phase. It is therefore important to monitor the efficiency of encapsulation of a drug into the nanoemulsion. The drug encapsulation efficiency of the nanoemulsions is estimated by using ultrafiltration method using centrifugal filter devices (3) . A known volume of nanoemulsion sample is loaded into the upper donor chamber and centrifuged at high speed to separate the aqueous phase into the sample recovery chamber while the drug along with the oil remains in to donor chamber. The aqueous phase from the sample recovery chamber is assessed for any drug partitioning, and the drug encapsulation efficiency is determined indirectly by mass balance (90) . The choice of drug analysis method largely depends on the drug properties, but the most common methods used include ultraviolet-visible spectroscopy, fluorescence spectroscopy, high-pressure liquid chromatography, and liquid chromatography coupled with mass spectroscopy.
Stability Analysis
The FDA has laid down strict guidelines for stability testing of new drugs and products, since it is an important criterion that defines the shelf-life of a formulation with respect to its excipients, different phases, and the therapeutic moiety loaded. In this context, stability studies should be performed to assess the integrity of the nanoemulsion system itself, as well as its excipients and loaded drug. The most simplistic approach to stability testing is to centrifuge the nanoemulsions at 3,000-3,500 rpm for 30 min to accelerate creaming. The height of oil layer on the top, emulsion phase in the middle, and aqueous phase at the bottom is usually reported as a measure of the stability of the nanoemulsion. In regular laboratory setup, long-term formulation stability is usually monitored by incubating the nanoemulsions at 4 and 25°C under sealed conditions for 3-6 months, and a sample is withdrawn periodically for size, charge, and drug encapsulation efficiency analysis. No significant change in these parameters over time indicates that the nanoemulsions are stable at both the storage conditions. However, as per the FDA guidelines, there are three levels of drug/drug product stability testing namely long-term, intermediate, and accelerated; approved conditions for each type vary based on the storage conditions. Heating and cooling and freeze-thaw cycles are also often used to assess the thermodynamic stability of the nanoemulsion. Shakeel et al. for example subjected nanoemulsions to six heating and cooling incubation cycles at 5 and 45°C, respectively, for <48 h at each temperature, followed by analysis of their size and charge. Nanoemulsions found to be stable under those conditions were further subjected to three freeze-thaw cycles at −21 and 25°C. This study demonstrated that nanoemulsions were stable at all stress conditions (91) .
Stability of the oil phase of the nanoemulsion is another factor that contributes to the overall stability of the system. Oil usually undergoes oxidation, which is a series of reaction that leads to oil rancidity accompanied with a series of by-products that are used to check the oil stability. There are series of parameters that are measured to evaluate the overall oxidation state of oil. Peroxide value (PV) is the most common analysis where the primary oxidized product of oil, hydroperoxides, is estimated by titration of iodine in the presence sodium thiosulphate in acidic medium. PV value however may not provide an accurate measurement of oil stability, since it decreases when hydroperoxides decompose to form carbonyls and other products. The byproducts at this level of oil rancidity are measured by the anisidine value (AV) where oil is dissolved in iso-octane, reacted with para-anisidine in acidic medium, and measured spectroscopically. Total oxidation value (TOTOX) gives a wholesome oxidation estimation and is defined as
Other measures of the oil rancidity include acid value, thiobarbituric acid value, and iodine value. Temperature, presence of oxygen, light, moisture, or presence of transition metals such as copper promotes the oxidation of oil, thereby affecting the stability of the nanoemulsion while presence of antioxidants retards the oxidation process.
pH
The change in pH or presence of ions in a nanoemulsion formulation can have a very complex impact on the delivery system and thus is of paramount importance in formulation design as well as subsequent stability studies. The pH of the nanoemulsion at the preparation step can affect the stability of the therapeutic drug and other excipients. Shafiq et al. for example reported that Ramipril, a hypertensive drug, is sensitive to moisture and alkaline pH, and nanoemulsion formulation therefore has to be prepared at an acidic pH (5.0) to ensure drug encapsulation in its effective form (92) . Similarly, post-formulation pH changes due to oxidation of oil can significantly change the physical parameters of the system. Qian et al. studied the color change and mean particle size variation of nanoemulsion as a function of pH over time, and their results indicate that no significant color change is observed in the pH range of 3-5, though the rate of color change was appreciably faster at pH 3 (93) . However, the mean particle size of these protein-stabilized nanoemulsions increased dramatically around pH 4-5, which could be explained in the variation in the electrostatic repulsion between nanoemulsions due to effect of pH. These results confirm that pH is an important physical parameter to be monitored carefully to ensure a stable nanoemulsion formulation.
Drug Release
The drug release profile is the most important consideration for a delivery system, since it controls in vivo bioavailability, absorption, and clearance kinetics and most importantly the therapeutic efficacy. It is therefore imperative to study the in vitro drug release kinetics of nanoemulsions to ascertain its delivery capability and performance. The most popular and common method to study in vitro drug release is called dialysis bag (dynamic dialysis) method where the nanoemulsion sample is placed in a dialysis bag and dialyzed against a buffer solution ("sink" receiver compartment) under stirring conditions, typically at human body temperature (37°C). A known volume of buffer is withdrawn from the receiver compartment at pre-determined time intervals, and an equivalent volume of fresh buffer is replaced to maintain a constant volume. The collected buffer volume is processed to extract the drug out, which is quantified by using an analytical method suitable for the drug. The result of drug release is often presented as cumulative percent drug released from the nanoparticles at different time intervals.
Several models such as zero-order, first-order, Higuchi, Weibull model, etc., are used to simulate and understand the drug release kinetics from a formulation (94) . Barzegar-Jalali et al. have critically summarized a comparative analysis of various models, their prediction accuracy and a detailed literature survey of reports on drug release kinetics from different types of nanoparticle systems including nanoemulsions (95) . Recent reports also suggest that the data interpretation from a dynamic dialysis method may not be very accurate and simplistic. The drug released from a nanoparticle system has to diffuse through the dialysis chamber to reach the dialysis membrane to escape to the receiver compartment, presenting a double-barrier condition. Modi et al. recently studied the drug release kinetics of a lipophilic drug from a liposomal formulation and demonstrated that several parameters should be considered to accurately and reliably predict the release kinetics of a drug (96) .
Sterility
The ultimate aim of development of any drug delivery system is to use it for therapeutic benefit against serious human ailments such as cancer. Sterility of the formulation is therefore pertinent to warrant its safe application for treatment and should be taken into account at the early stages of formulation development. Routinely practiced methods for sterilization such as autoclaving are not suitable for nanoemulsion as they involve high temperature and pressure while maintaining aseptic conditions could be usually expensive. Thus, suitable care is required in the choice of method adopted for accomplishing sterility of the nanoemulsions without altering its physico-chemical properties. Due to constraint with stability of the nanoemulsion, they are usually filtersterilized using 0.22-μm filters. The sterilization of the nanoemulsion is validated by direct spectroscopic method to assess any potential microbial contamination and by plating method to check for microbial growth (15) .
IN VIVO FATE OF NANOEMULSIONS Interactions with Blood Components
When nanoemulsions are administered, upon entering the bloodstream, they primarily interact with erythrocytes, plasma proteins (opsonins), immune cells (monocytes, platelets, leukocytes, and dendritic cells), and tissue resident macrophages (Kupffer cells in liver, dendritic cells in the lymph nodes, macrophages, and B cells in the spleen). Erythrocytes occupy the largest fraction of blood, and hence, nanoemulsions are very likely to interact with them upon entering systemic circulation. If the nanoemulsions induce hemolysis and adsorb to hemoglobin or cell debris, they are rapidly cleared by macrophages (97) . Likewise, due to longer plasma half-life of nanoemulsions, there is a greater tendency of them to interact with blood components which increases the likelihood of inducing thrombogenicity which can lead to partial or complete occlusion of blood vessels (98, 99) . Further to this, the uptake of nanoemulsions by immune cells and macrophages can be facilitated by the adsorption of opsonins to the surface of the nanoemulsions which can redirect the delivery systems to endogenous clearance mechanisms reducing drug delivery and efficacy at the target site (100). Apart from reducing in vivo efficacy, complement activation can also induce undesirable consequences including life-threatening allergic, anaphylactic, and hypersensitivity reactions (101) .
The size, charge, and surface functionality of the nanoemulsions can play a crucial role in their interaction with blood components. Large-sized particles with cationic or anionic surface charge often show greater degree of phagocytosis compared with small-sized or neutrally charged particles (102) . Cationic surfaces also increase the likelihood of erythrocyte damage and hemolytic potency of nanoparticles (97) . Opsonization of nanoparticles is often found to be reduced by surface functionalization of the nanoparticles with PEG (97), poloxamer (103), or poloxamine (104) . PEG has been evaluated for use in a range of nanoemulsion-based delivery systems as it is hypothesized that PEG coating on the surface of nanoemulsions creates a steric shield around the nanoemulsions, preventing plasma proteins from adhering to the surface of the nanoemulsions, avoiding uptake by the MPS cells. Thus, during nanoemulsion formulation development, the compatibility of the nanoparticle size, surface charge, and surface functionalities with blood components should be critically evaluated.
The unavoidable interaction of nanoemulsions with blood components has recently been exploited to develop targeted nanoemulsion systems (105) (106) (107) . For example, cholesterol-rich nanoemulsions (LDE) upon contact with plasma can acquire apo E and other apolipproteins from native lipoproteins and bind to low-density lipoprotein (LDL) or LDLrelated protein receptors (108) . These receptors are highly expressed on cancer cells, and inclusion of cytotoxic agent can promote cancer cell-specific delivery (109). Maranhao et al. investigated the delivery of several cytotoxic agents including etoposide, carmustine, and paclitaxel in these nanoemulsion systems (106, 107, 110) . Along with issues of etoposide lipophilicity, upon its dilution in plasma it can be converted into its inactive cis-lactone form. Inclusion of etoposide in these LDE delivery systems isolated the drug from the plasma until delivery to the cancer cells intracellular compartments (107) . In patients with advanced cancer, these LDEs have also been shown to minimize inadvertent toxicity, proving the promise of this targeted delivery system for cancer therapeutics (110) .
Interactions with Membrane Barriers
Once the nanoemulsion overcome the barriers in the blood, its interaction with membrane barriers is crucial for the therapeutic payload to be delivered at the desired site. At the cellular level, uptake of nanoparticles can occur via phagocytosis, macropinocytosis, or endocytosis, and they can accumulate in lysosomes, intracellular vacuoles, or cytoplasm. Although targeted nanoemulsions are being investigated to enable site specific delivery and overcome membrane barriers, the BBB poses a significant hindrance to the delivery of therapeutic agents to the brain (23) . Beduneau et al. designed OX26 MAb-conjugated nanoemulsions which were actively targeted for transferrin receptors that are overexpressed on the cerebral endothelium (111) . The targeted nanoemulsions showed significant accumulation in the brain 24 h after administration compared with the non-targeted nanoemulsions indicating that nanoemulsion-based delivery systems can be developed to overcome a highly regulated and efficient barrier to drug delivery.
Apart from the physiological membrane barriers which hinder drug delivery, overexpression of trans-membrane drug efflux pumps (such as P-glycoprotein (Pgp), breast cancer resistance protein (ABCG2), and multi-drug resistance-associated protein (MRP-1)) reduce drug uptake and thus contribute to the development of multi-drug resistance (MDR). Our group recently investigated co-administration of paclitaxel and curcumin as nanoemulsions to overcome MDR in tumor cells. It was observed that curcumin nanoemulsions could inhibit NFkB activity and downregulate P-gp expression in resistant cells lines, promoting successful intracellular delivery of PTX (3) . Oral administration of these nanoemulsions showed that mice pre-treated with curcumin nanoemulsions showed increased bioavailability of paclitaxel and enhanced anti-tumor activity without induction of acute toxicity (4) . Although the increase in oral bioavailability of PTX would be attributed to inhibition of Pgp, the ability of nanoemulsions to readily disperse in gut fluids was also thought to improve oral bioavailability (4). Thus, nanoemulsion-based delivery systems can be developed to overcome membrane barriers to achieve successful intracellular delivery of therapeutic agents.
In Vivo Metabolism
Metabolism is the biochemical modification of xenobiotics via specialized enzymatic mechanisms that usually convert lipid-soluble components to generate water-soluble products which can be eliminated from the body (112) . Hepatic clearance is the primary route for circulating nanoparticle metabolism with the nanoparticles being exposed to parenchymal cells (hepatocytes) or non-parenchymal cells (including sinusoidal hepatic endothelial cells, Kupffer cells, and hepatic stellate cells) (113) . Nanoparticles, which are catabolized by the hepatocytes, are excreted into the biliary system while those that are phagocytosed by the Kupffer cells are endocytosed, degraded, and eliminated. Apart from hepatic clearance, renal excretion also plays a critical role in the elimination of water soluble nanoparticles or their metabolites. Glomerular filtration of nanoparticles in the kidney is highly dependent on the size of the nanoparticles with nanoparticles less than 6 nm being filtered into the kidney and larger nanoparticles being returned to the systemic circulation (114) .
KEY CONSIDERATIONS-REGULATORY REQUIREMENTS Safety Considerations
The toxicities associated with any drug delivery carrier pose a limitation in drug delivery. Ideal carrier would efficiently encapsulate and deliver the payload at desired site while being mostly inert to immune systems and show predictable clearance from the body. Nanoemulsion formulations are generally composed of GRAS-grade excipients. However, to exploit tumor microenvironment, novel nanoemulsion formulations are being developed to accommodate, controlled release, pH-responsive, and thermo-responsive properties. In addition, targeting moieties and imaging components are incorporated for targeted cancer therapy and imaging. In such situations, novel materials are incorporated in the nanoemulsion formulations. The safety and long-term biological effects of these novel materials need to be evaluated. The in vitro cell viability tests that are used to assess the toxicity profiles of novel materials frequently used in the laboratories, but these methods are often questionable in determining the safety of the system. These results cannot be translated because of lack of true dynamic conditions and active immunizing system. Also, care must be taken when translating the results obtained from in vivo animal models to clinical setting, because there is always a risk of intra-and inter-species difference.
Large-Scale Production and Quality Control
Quality-by-design (QbD) is a new frame work currently being implemented by the FDA for the manufacturing and quality control of pharmaceuticals. As part of QbD principles, the design of experiments (DOE) and process analytical technology are routinely employed start from the raw material procurement stage to finished product. To fulfill QbD requirements, it is essential to develop robust and documented process knowledge for the manufacturing of nanoemulsion delivery systems. The better understanding of key process variables such as raw materials, equipment, and protocols at an early stage of product development will lead to easy translation of dosage forms from lab-scale to industrial-scale. Successful procurement of process knowledge will allow manufacturers to bring nanoemulsion delivery systems to the clinic with unique multifunctional abilities and novel therapeutic applications.
Qbd is officially defined as "a systematic approach to development that begins with predefined objectives and emphasizes product and process understanding and process control, based on sound science and quality risk management" (115) . The adoption of QbD in nanoemulsion-based product manufacturing will include defining a target product profile, development of the manufacturing process based on good DOE, identification of critical product quality attributes, process parameters, and sources of variabilities of the manufacturing process. The FDA has come out with guidance that covers Pharmaceutical Development, Quality Risk Management, and Quality System with a predisposition that the future state of biopharmaceutical manufacturing, of which nanoproducts will be a part, will be an environment directed by QbD (115) (116) (117) .
CONCLUSIONS AND FUTURE DIRECTIONS
Nanoemulsions are versatile drug delivery vehicles in the delivery of small and macromolecular therapeutics to treat complex diseases. One of the major problems of using nanoemulsion as parenteral drug delivery system is its rapid uptake by MPS. For drug delivery purposes, it is important to control and modify the uptake of the droplets. Adding PEG to stabilize nanoemulsion droplets can prevent MPS uptake and prolong the circulation time. Nanoemulsions also can be engineered with specific attributes such as targeting and imaging functionalities, barrier permeability enhancement, and combination therapeutic delivery. Depending on the choice of lipid core composition, phospholipids, and surface modifier concentration, different drug loadings may be achieved and exploited for drug delivery in cancer chemotherapy.
To fully realize the potential of nanoemulsion dosage forms for delivery of contemporary anticancer therapeutics in clinical setting, it is essential that researchers also address the material safety, scale-up, and quality control issues. Material characterization and scale-up becomes extremely challenging especially when dealing with multifunctional nanoemulsion systems designed to carry targeting ligands, imaging agents, and combination therapeutics. Moreover, in vivo distribution and metabolism of nanoemulsions engineered using novel materials are need to be fully assessed before being used in clinical application.
